Abstract: Studies on propagation of trees of Tropical Dry Forests are scarce in Mexico; besides, the provenance of seeds used in reforestation programs is generally unknown or poorly addressed. Knowledge on seed germination patterns of different provenances, and how they change through time, is useful to identify adequate sources of seeds and to develop seed collection and storage programs under low-tech conditions prevailing in most rural nurseries. We evaluated seed size variation and germination of stored seeds from three different provenances per species in Acacia bilimekii, Haematoxylum brasiletto, Lysiloma acapulcense, and L. divaricatum. Seeds were collected in four sites in the Tropical Dry Forest of Morelos, Mexico, and were stored at room temperature; seed size was estimated through the volume of 75 seeds per provenance/species. Seed germination tests were made periodically from six to 24 months after storage and the effects of provenance and storage time on germination were analyzed using analysis of variance. There were signifi cant differences in seed size among provenances in all species, while the effect of provenance on germination was signifi cant in three of them. Germination changed with storage time among species and provenances. After 24 months, germination capacity was still ≥ 50% in all provenances of the two Lysiloma species, but in A. bilimekii there were large differences among provenances. Mean germination capacity was low in H. brasiletto after six months. More research on seed germination and storage of a larger set of species and provenances is needed to restore Mexican tropical dry forests. Keywords: Acacia bilimekii, Haematoxylum brasiletto, Lysiloma, propagation, provenance, rural nurseries.
H
uman activities, such as agriculture and cattle ranching, have exerted a considerable pressure on the tropical dry forests (TDF) of America, and Mexico is no exception (Sánchez-Azofeifa and Portillo-Quintero, 2011). As a result, large vegetated areas have disappeared; in addition, a high proportion of the remaining forests have been disturbed (Trejo and Dirzo, 2000) . At present many forest patches are in a degraded state as a result of frequent forest fi res, grazing, and selective species extraction. Therefore, the rehabilitation or ecological restoration of these sites is becoming an increasingly urgent task. Studies on propagation of Mexican plant species of TDF are scarce, although there is a handful published studies addressing seed viability and germination (CervantesGutiérrez et al., 1996; Cervantes et al., 2001; Cervantes and Sotelo, 2002; Bonfi l-Sanders et al., 2008) . Seeds of tree species from TDF usually mature during the warm-dry season and are dispersed before the beginning of subsequent wet season (Bullock and Solís-Magallanes, 1990; Singh and Singh, 1992; Ray and Brown, 1994) . Many species form a short-lived seed bank lasting a few months, and most seeds germinate at the beginning of the rainy season or lose viability if buried for longer periods (Ray and Brown 1994; Miller, 1999) . However, changes in seed viability through time in different species and provenances have seldom been addressed.
Some leguminous TDF trees have been over-harvested in large areas of Mexico, as they are valuable multipurpose species, used either as fi rewood, building material, or as a source of food or fodder (Cervantes et al., 1998) . This over harvesting has resulted in the decline of many populations in the state of Morelos, in central Mexico (Boyás et al., 1993) . Most of the remaining populations currently occur only in fragments within protected areas or in inaccessible areas. Small populations are vulnerable to extinction; furthermore, climate and resource fl uctuations, demographic variations, reduced genetic diversity and reproductive success are all factors that operate against their long term survival (Rosenzweig, 1995; Brook et al., 2008; Primack, 2010) . Therefore, it is becoming increasingly important to develop practical and low-cost methods to collect and store seeds of these hardwoods, in order to increase their propagation in rural nurseries and the establishment of plantations to assist the recovery of small populations, develop agroforestry programs or restore disturbed areas.
The provenance of seeds used in reforestation programs in many areas of Mexico is generally unknown or poorly addressed. Knowledge of variation among provenances in seed size, viability and germination patterns are useful to identify adequate local sources of seeds and increase the success of reforestation and land rehabilitation programs (Thompson, 1997) .
Seed size varies along environmental gradients, particularly those related to latitude, altitude and climate, and this variation may affect germination and seedling performance (Dorne, 1981; Lopez-Mata, 1987; Baskin and Baskin, 2001; van Molkën et al., 2005) . Seedlings from large seeds have shown higher survival or growth than those from small seeds in experimental and natural conditions (Wulff, 1995; Bonfi l, 1998; Khurana and Singh, 2000; Paz and Martínez-Ramos, 2003; Metz et al., 2010) . Therefore, it is important to document variations in seed size among provenances and to fi nd out whether they are related to differences in seed germination patterns. It is also necessary to gather information on seed storability and the potential variation among provenances for storage, as this information will allow the design of adequate collection and storage plans in rural nurseries, most of which lack facilities and store seeds in cans or glass fl asks at room temperature.
In this study we evaluated variation in seed size and germination of stored seeds of four over-logged leguminous tree species from the TDF of Morelos, Mexico, in three different provenances per species: Acacia bilimekii J.F.Macbr., Haematoxylum brasiletto H.Karst, Lysiloma acapulcense (Kunth) Benth., and L. divaricatum (Jacq.) J.F.Macb. We described variations in seed size among provenances and compare changes in germination patterns among them over a two year storage period.
Materials and methods
Study Area. Seeds were collected during the 1996-97 dry season, in four TDF sites of Morelos: (1) Barranca Honda (Tlaltizapán county), (2) Cañón de Lobos (Yautepec), (3) El Tepehuaje (Tepalcingo), and (4) Quilamula (Tlaquiltenango county; Figure 1 ). The climate in the four sites is hotsubhumid; mean annual temperature is 22-26 °C and annual precipitation 800-1,000 mm, most of which falls from June to October (García, 2004) . Soils are derived either from volcanic rocks (at El Tepehuaje and Quilamula), or limestone (Barranca Honda and Cañón de Lobos; Boyás, 1991) . The main environmental characteristics of the four study sites are shown in Table 1 .
Seed collection and storage. The amount of seeds collected on each location varied depending on availability, but they were obtained from 5-10 trees per site and species. After harvest, fruits were placed in a closed room and fumigated with Aluminum phosphide ® to avoid insect attack. Seed extraction and cleaning were made manually and insecticide (commercial brand Decis ® , active ingredient deltametrin) was applied before seeds were stored in closed glass fl asks at room temperature.
Seed size (wide, length, and thickness) of 75 seeds by provenance was measured using calipers. With the measures obtained the volume of each seed was calculated as the volume of an ellipsoid: Volume = 4/3 * π * r 1 * r 2 * r 3 Where: r 1 = seed width (cm), r 2 =seed length (cm), r 3 = seed thickness (cm) Seed germination. Three provenances per species were tested, but they varied among species, as not all species were found in the four sites. To evaluate changes in germination through time for each species/provenance, seed germination tests were performed every six months up to 24 months after storage. The seeds were soaked in water for 24 h, after which four replicates of 100 seeds for each species/provenance were placed in plastic trays using sterile sand as substrate. Uncovered trays were randomly placed in wire-mesh tables in a nursery covered with shade plastic mesh (60% shade), and were watered daily to keep the substrate moist. Germination was recorded as radicle emergence (0.5 cm) every other day during fi ve weeks. Final cumulative germination was calculated for each tray and species.
Statistical analysis. The effect of provenance on seed size for each species was analyzed by one way ANOVA; means were compared with post-hoc Tukey tests. Seed size distributions among provenances were compared using chisquare tests. The effect of provenance and time of storage on seed germination was analyzed using a factorial ANOVA with a complete randomized factorial design, in which the factors were storage time and provenance. Germination data were previously arcsine transformed. All statistical analyses were performed using STATISTICA software package v 7.0 (StatSoft Inc., Tulsa, OK, USA).
Results
Effect of provenance on seed size. We found a considerable variability in seed size among species and provenances. Haematoxylum brasiletto had the smallest (0.18 cm 3 ± 0.004, mean ± s.e.) and Lysiloma acapulcense the largest seeds (0.56 cm 3 ± 0.012). Differences in seed size among provenances were signifi cant for all species: Acacia bilimekii (F (2,72) = 50.1, P < 0.01), L. acapulcense (F (2,72) = 37.9, P < 0.01), L. divaricatum (F (2,72) = 4.4, P < 0.05), and H. brasiletto (F (2,72) = 4.2, P < 0.05), but in the latter species they were rather low (Figure 2 ). In the two Lysiloma species large seeds were found in Quilamula and small seeds in El Tepehuaje.
Differences in seed size distribution among provenances were also signifi cant for all species: Lysiloma acapulcense (χ 2 = 109.24, df 8, P ≤ 0.001), L. divaricatum (χ 2 = 33.52, df 12, P ≤ 0.001), Acacia bilimekii (χ 2 = 67.97, df 12, P ≤ 0.001), and Haematoxylum brasiletto (χ 2 = 377.97, df 6, P ≤ 0.0001; Figure 3 ). Seed size variation was larger in L. acapulcense (seed size range ~0.8 cm 3 ) than in L. divaricatum (seed size range < 0.4 cm 3 ); in the former species seeds from El Tepehuaje (with a distribution skewed towards the small seed size categories) and Quilamula (with a distribution skewed towards the larger categories), showed larger variation than those from Cañón de Lobos. Different provenances of A. bilimekii had a similar pattern of seed size variation, though only seeds from Cañón de Lobos were in the largest size category. Variability in seed size was low in all provenances of H. brasiletto, as most seeds were between 0.1 and 0.3 cm 3 (Figure 3 ).
Effect of storage time and provenance on seed germination.
Variation among species in seed viability (as shown from germination trials) after different storage periods was large. The two Lysiloma species showed high germination capacity even 24 months after storage, while seeds of Acacia bilimekii and Haematoxylum brasiletto showed a large decline in germination after 12 months of storage at room temperature ( Figure 4 ). The effect of provenance on germination was signifi cant in three out of four species, except for Lysiloma divaricatum (Table 2) , and the signifi cant interaction provenance × time indicates that germination changed with storage time at different rates among provenances. Mean germination capacity in Lysiloma divaricatum was around 80% in all provenances, and loss of viability through time was low and similar among the three of them (Figure 4) , with fi nal values of 65-77% at the end of the period.
The Lysiloma acapulcense seeds from Cañón de Lobos registered a slightly lower mean germination (67%) than those from El Tepehuaje and Quilamula, which showed similar mean values (74 and 78%, respectively). Seeds from El Tepehuaje and Cañón de Lobos showed a slight increase in germination percentage from 6 to 12 months, and thereafter a signifi cant decline from month 12 to 24, while germination of seeds from Quilamula did not change signifi cantly through time, with a fi nal mean germination percentage of 78%, a signifi cantly higher value than the one registered in the other two provenances (Figure 4 ). Therefore, differences among provenances increased through time. However, germination capacity was still relatively moderate (≥ 50%) after 24 months of storage in all of them.
Seeds of Acacia bilimekii from Barranca Honda registered a signifi cantly higher mean germination (77%) than those from Cañón de Lobos and Tepehuaje (37 and 42%, respectively), which were not different. The interaction provenance × storage time was also signifi cant, as germination did not change through time in seeds from Barranca Honda, while there were large declines in those from El Tepehuaje and Cañón de Lobos, with a fi nal mean value of 3-4% vs. 63% in the former. Seeds from Cañón de Lobos showed signifi cant decreases in germination between months 6-12 and 12-24, while in those from El Tepehuaje the only signifi cant difference was between months 12 and 24 (Figure 4 ).
GERMINATION OF STORED SEEDS OF TDF TREE SPECIES
In Haematoxylum brasiletto mean germination values were rather low in all provenances, although signifi cantly different: Quilamula (30%), Barranca Honda (27%), and El Tepehuaje (22%). After six months of storage, germination was not different among provenances (with a mean value of 66%), and decreased through time in a similar fashion in all of them, with a large decline between months 6-12 (Figure  4) , after which mean germination was ≤ 15%. Final germination of seeds from Quilamula was low (6%), but slightly higher than in seeds from El Tepehuaje and Barranca Honda (1%).
Discussion
Although some of the species included in this study are currently propagated in rural nurseries of the Mexican dry tropics, detailed information regarding their germination rates is scarce (but see Cervantes-Gutiérrez et al., 1996) . There are still fewer studies addressing differences in seed size and germination patterns among provenances in TDF species, and thus our results may be considered an initial contribution to evaluate within species variability in these attributes. These results can also help to identify the best provenances for the study species at a regional level. Further research is necessary to establish the best provenances for different species and regions. The two Lysiloma species have a wide distribution in the Mexican tropical dry forests (Trejo-Vázquez, 1998) , and three of the study species (with the exception of Acacia bilimekii) are also found in the TDF of Central America, so it is expected that further variation in seed size, germination, seed longevity, and seedling growth among provenances will be found, as more studies address these issues.
Differences among provenances in morphological and ecological characteristics, including seed size and germination, have been reported in several tropical species, such as Brosimun allicastrum (Lopez-Mata, 1987) , Gliricida sepium (Ngulube, 1989) , Prosopis cineraria (Arya et al., 1995) , and Dalbergia sissoo (Vakshasya et al., 1992; Gera et al., 2000) . In our case, seed size variation among provenances was signifi cant in all the study species. Lysiloma acapulsence and Acacia bilimekii showed a larger variation in seed size than Haematoxylum brasiletto, which also had the smallest seeds. Seeds of the closely related species H. campechianum are similarly small (10-12 mm long vs. 9-12 mm in H. brasiletto; Niembro, 2002) .
According to our results, seeds of the two Lysiloma species may be stored at room temperature for two years, as both species showed relatively high germination capacity (≥ 50%) after being stored for 24 months, with larger fi gures for L. divaricatum. A previous study also reported that seed viability in stored seeds of L. divaricatum remained high for two years, while this period was slightly larger for L. acapulcense (Cervantes et al., 2001 ). In our case, differences in germination among provenances in L. divaricatum were not signifi cant during the 24 months storage period, but in the case of L. acapulcense the larger seeds from Quilamula should be preferred if storage periods longer than a year are needed.
As in Lysiloma acapulcense, in Acacia bilimekii the provenance having the highest mean germination was also the one with the largest mean seed size. Differences in germinability among provenances at six months increased after 12 month of storage, with a large decline in those from Cañon de Lobos. Thus, Barranca Honda should be preferred when collecting seeds of this species in Morelos. Cervantes et al. (2001) found that seeds of A. bilimekii from Xalpatlahuac, Guerrero, kept a relatively high viability after three years of storage at room temperature, which may be due to large variability in seed longevity among provenances, but may also refl ect differences in storage conditions (FAO, 1985) . Although seeds of several species of Acacia keep their viability for long periods at room temperature (12-18 years, Doran et al., 1983) , not all of them do, as seeds of A. harpophylla deteriorate rapidly unless stored at 2-4 °C (FAO, 1985) .
Seeds of Haematoxylum brasiletto had a mean viability of 60-70% after six months of storage, a slightly lower value than those of the other study species. Although we did not perform germination tests of freshly collected seeds, an independent germination trial of seeds of this species (from El Tepehuaje) stored during approximately one month produced a slightly larger fi gure (81%; M. Cervantes unpublished data), so there seems to be a rapid decline in viability in this species, whose seeds may be in an intermediate position along the continuum between extreme orthodoxy and recalcitrance (Berjak and Pammenter, 2008) . It would be worth investigating if the relatively rapid loss in viability found is related to reduced genetic variability, as trees of this species were harvested extensively during the XVI-XVII centuries, to extract textile dyes from its wood (haematoxylin, a sweet, colourless crystal that gives the wood its characteristic reddish color), and probably only small populations of low quality trees remained (Hobhouse, 1986) . According to our results, seeds of this species cannot be stored at room temperature and should be germinated soon after being collected, within a six month period. As with seed size, differences in germinability through time among provenances, although signifi cant, were rather low.
Information regarding changes in germination through time in seeds stored at room temperature will help to design seed collection and storage schedules in rural nurseries, which lack facilities such as cold rooms or refrigerators. Changes in viability in seeds stored at low temperatures are still needed and will be useful as storage facilities become available in some nurseries in the future. However, a previous study found that differences in germination of seeds stored at room temperature (25 ± 2 °C ) and refrigerated MARTHA CERVANTES ET AL.
(-18 °C ), in sealed fl asks during two years were not significant in three of the study species (Cervantes et al., 2001) .
The among-provenance variations in seed size and germination found in this study show the importance of including these variables in studies of plant propagation, especially for tropical dry forests species from Mexico, where information is still scarce and dispersed in local studies that are seldom published (Bonfi l and Trejo, 2010) . As stated by Ray and Brown (1994) , more empirical data are needed to improve seed collection and processing techniques for dry forest trees.
